ABSTRACT Investigations concerning carnitine metaboUsm and possible requirements for exogenous carpitine in human preterm neonates are limited by ethical considerations. The neonatal piglet is a potential animal model for these investigations. Tissue carnitine concentrations were determined in fetuses from cross-bred domestic gilts at stages of gestation corresponding to those of neonates found in neonatal intensive care units. Fetal piglet plasma and red blood cell carnitine levels decreased from approximately 90 d to term. Skeletal muscle carnitine increased from 60 d to term. Temporal changes in fetal carnitine con centrations in plasma, red blood cells and skeletal muscle throughout gestation are similar to the pattern reported by our laboratory for the human neonate. Cardiac muscle carnitine increased earlier than skeletal muscle but also continued to increase to term. Carnitine concentrations in fetal liver, kidney and intestine were maximal at 90 d and decreased until term. Similarities in physiology, metabolism and profiles of tissue carnitine concentration between the newborn piglet and the human neonate indicate that the neonatal piglet is an appropriate animal model for investigations concerning neonatal carnitine metabolism.
INDEXING KEY WORDS:
â€¢carnitine â€¢neonate â€¢piglet Carnitine is a critically important nutrient for the human neonate. The roles of carnitine in facilitating the transport of fatty acids into the mitochondrial ma trix for oxidation, in the initiation of ketogenesis and in the maintenance of thermogenesis are well docu mented (1) . The roles of carnitine in facilitating the maintenance of blood glucose concentrations and the control of blood ammonia concentrations require ad ditional investigations but have far-reaching physio logical importance (1) . The critical need for carnitine coupled with reduced stores of carnitine and reduced biosynthetic capability in the neonate compared with the adult have caused nutritionists to consider the pos sibility that carnitine may be an essential nutrient for the human neonate (2) . Most neonates receive exoge nous carnitine from breast milk, milk-based formulas or carnitine-supplemented soy-based formulas. How ever, neonates requiring total parenteral nutrition as a result of prematurity and its accompanying metabolic consequences receive no exogenous carnitine. Neo nates bom at < 32 wk gestation have the smallest car nitine stores (3) . They are often in a very fragile met abolic state and may actually have the greatest need of any neonate for exogenous carnitine. At present our knowledge of the metabolic handling and compartmentalization of exogenous carnitine by neonates of all gestational ages is severely limited.
Ethical considerations prohibit many investigations in the neonate that would provide data concerning met abolic compartmentalization of exogenous carnitine. An appropriate animal model is thus essential for these investigations. Data are presented that indicate the neonatal piglet as an appropriate animal model. ' ingredients. The gilts were anes thetized initially with one g thiamylal sodium (5% so lution) injected via an ear vein. Anesthesia was main tained by halothane. A midventral laparotomy was performed to expose the uterus. The fetuses were re moved from the uterus, assigned an identification num ber and transported to the laboratory for tissue sam pling. Maternal blood was collected from the uterine vein before removal of the uterus. Fetal blood was col lected from the umbilical vein as the fetuses were re moved from the uterus.
Tissue sampling. Fetuses were covered with ice un til dissection and tissue collection were completed. Heart, lungs, liver, intestine, kidneys and skeletal mus cle (gastrocnemius region) samples were removed from fetuses and placed in individual plastic weighing boats on ice. Heart ventricles were trimmed of excess tissue, cut open and swirled gently in chilled saline (0.9% NaCl) to remove blood. Lungs, kidneys and skeletal muscle were trimmed of excess tissue and rinsed in saline.
Intestinal tissue was cut lengthwise and rinsed with saline to remove the intestinal contents. Whole livers were perfused with saline (via the intact vasculature) to clear any blood. All tissue samples were blotted to remove excess moisture, placed in prelabeled plastic vials and stored at -80Â°C. Fetal and maternal blood samples were centrifuged (model TJ-6, Beckman In struments, Palo Alto, CA) at 3000 x g for 15 min at 4-6Â°C to separate plasma and red blood cells. Plasma was frozen. The red blood cells were washed twice with saline and frozen.
Assay procedures. A Ten Broeck homogenizer (pur chased from Fisher Scientific, Springfield, NJ) was used to prepare tissue homogenates of 250 (liver and lung) or 150 mg (all other tissues) in 3 mL of distilled water. The carnitine concentrations of the tissue homoge nates, plasma and red blood cells were measured by a modification of the method of Cederblad and Lindstedt (4) as described previously (5) . Protein concentration was determined by the microbiuret method of Itzhaki and Gill (6) . The method of Lilienthal et al. (7) was used for the solubilization of noncollagen protein. Hemo globin concentration of the red blood cells was meas ured using a Fisher Diagnostic Kit (Fisher Diagnostics, Orangeburg, NY) based on a modified Drabkin method (8) .
Statistical analysis of data. Statistical analyses of data were performed using the RS/1 Integrated Data Anal ysis System for the Digital Professional 350 Computer (Digital Equipment Corporation, Maynard, MA). Sam ple populations were subjected to the Wilk-Shapiro test of normality. Normal populations were tested for equal or unequal variances with an F-test for variance ratio. A t-test for either equal or unequal variances was then performed. In the case of nonnormal populations the Ansari-Bradley test for equal dispersions was used, and then the Mann-Whitney test for unpaired samples with equal dispersions was applied (9) .
RESULTS
Fetal piglets' plasma carnitine levels deceased from 97 to 112 d gestation (Fig. 1, top graph) . The piglets' red blood cell total carnitine concentrations decreased from 90 to 112 d gestation (Fig. 1, bottom graph) . The ratio of maternal to fetal plasma carnitine concentra tions increased steadily from 0.
The piglets' skeletal muscle total carnitine levels in creased with gestational age (Fig. 2, top graph) . Al though cardiac muscle carnitine concentrations (Fig. 2 , bottom graph) also increased between 60 and 112 d gestation, the levels reached peak concentrations ear lier than in the skeletal muscle.
Total carnitine concentrations in the fetal liver (Fig.  3, top graph) , kidney (Fig. 3 , middle graph) and intestine (Fig. 3, bottom graph) Gestation(d) 
DISCUSSION
Many investigations necessary to determine nutri tional requirements of the human neonate (including the possible requirement for exogenous carnitine) in volve techniques too invasive to be performed in the neonate. An animal model is required for these inves tigations. This animal model must possess certain char acteristics in common with the neonate to permit ap propriate extrapolation of experimental results. Table  1 lists characteristics important in investigations of all types of nutrients, as well as characteristics specifically relevant to the investigation of possible carnitine re quirements in the neonate.
Maturity at birth. A significant problem with many neonatal animal models, such as rodents, is that the degree of maturity at birth is much less for the animal model than for the neonate. The degree of maturity of piglets and of neonates is more comparable.
Anatomy and physiology. For the animal model to be appropriate, the anatomy and physiology of the an imal model and the neonate must be comparable. Neo natal piglets and human neonates are comparable both anatomically and physiologically for most processes (10) (11) (12) . Additionally, unlike many other animal models, the litter size provides a statistically significant num ber of animals, which helps to decrease variables in experimental design. Twenty years ago, Glauser (10) pointed out the possible importance of the piglet as an animal model when she stated, "The similarities be- tween human infants and piglets is noted and the pos sibility of using piglets as the prototype for infants in pediatrie research is advocated." (13) reported apparent similarities between the response of newborn piglets and newborn infants to a cold environment. Hypo thermia and hypoglycemia are problems for both. Be cause carnitine deficiency is associated with both hy poglycemia and hypothermia (1) , the common problems of hypoglycemia and hypothermia may be of signifi cance in studying the possible nutritional requirement of carnitine.
Susceptability to hypothermia and hypoglycemia. In 1959 McCance and Widdowson
Adaptation at birth from use of carbohydrate as the sole energy source to use oflipid as an important energy source. The fetal piglet and the fetal human both uti lize carbohydrate as the sole energy source. The met abolic adaptations required by both the neonatal piglet and the human neonate to utilize lipid as an energy source include the development of the physiological processes involving carnitine.
Profile of tissue carnitine concentration during ges tation. If the neonatal piglet (both preterm and term) is a valid animal model for the neonate, the profile of tissue carnitine concentrations during gestation must be similar. The patterns observed for plasma and red blood cell carnitine concentrations in piglets are sim ilar to those in neonates (14) . Both species show de creases from around 90 d (corresponding to 30 wk hu man gestation) to term. Similar patterns are observed for carnitine in fetal red blood cell, plasma, liver, kidney and intestine. One possible explanation of the low maternal-to-fetal plasma carnitine ratio in early gestation is that it may reflect maternal-to-fetal transfer of car nitine. The increase in this ratio in late gestation could reflect a decrease in maternal-to-fetal transfer. The de creased carnitine levels in the liver, intestine and kid ney detected in this study support this hypothesis.
Similarly the increasing skeletal muscle carnitine concentrations from 60 ( < 26 wk human gestation) to 112 d (38 wk human gestation) observed in this study are similar to those noted in a study of humans (3) . Cardiac muscle carnitine concentration also increases but appears to reach a maximal concentration earlier. This may reflect a greater or earlier need for carnitine in the fetal heart. It is possible that by 90 d (30 wk human) gestation the fetus has obtained a critical min imal level of carnitine in the muscle "stores." The 90-d gestational age corresponds to a human gestational age above which neonatal survival increases greatly.
Survival and growth of colostrum-deprived newborn animals maintained with nutritional support tech niques used in neonatal intensive care units. There are reports indicating that colostrum-deprived neonatal piglets can be reared by artificial means (11, (15) (16) (17) . Our experience to date confirms that the animals do not have to be pathogen free but that the same strict adherence to cleanliness and constant care observed in a neonatal intensive care unit is also required in a piglet neonatal intensive care unit. In experiments in prog ress, nutritional support regimens commonly used in neonatal intensive care units in maintaining colos trum-deprived neonatal piglets are being tested. These nutritional support techniques include formula feeding and total parenteral nutrition. Elucidation of the nu tritional requirements of the neonatal piglet should provide valuable information concerning nutritional requirements of the neonate. The same data also pro vide valuable information for improvement of piglet husbandry and may be useful in reducing piglet mor tality.
